Abstract: BiS 2 -based compounds constitute a new family of layered superconductors. In this article, several experimental findings on the superconductivity and related properties of the BiS 2 family are reviewed. In particular, the focus is on the conditions required for the emergence of superconductivity and higher superconducting transition temperature in the BiS 2 family: it is shown that optimizing the electron doping and crystal structure are important. Further, a few notable characteristics such as the coexistence of superconductivity and magnetism as well as the relation between the superconductivity and chargedensity-wave instability are introduced in brief.
Introduction
In this article, the results of experimental studies on new layered BiS 2 -based superconductors are reviewed while focusing on the evolution of superconductivity, magnetism, and other noticeable characteristic states in these materials. Superconductors with a layered structure, such as cuprates and iron-based superconductors, are attractive materials because they sometimes exhibit a high superconducting transition temperature (Tc) and/or an unconventional superconducting mechanism [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Further, BiS 2 -based superconductors have a layered structure [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . Therefore, a number of researchers have investigated these materials. These investigations have revealed many novel properties of BiS 2 -based superconductors. First, the increase in their superconductivity attributed to the evolution of their crystal structure is remarkable. Their Tc increases when a high pressure is applied or when an element is substituted . These aspects regarding the emergence of superconductivity in these materials will be introduced in Sections 2-4. In Particular, the focus *Corresponding Author: Satoshi Demura: Tokyo University of Science, 1-3 Kagurazaka, Shinjyuku-ku, Tokyo, Japan, E-mail: demura@rs.tus.ac.jp will be on the effects of element substitution (See Sections 3 and 4). Second, the coexistence of magnetic ordering and superconductivity in CeO 1−x FxBiS 2 would be of interest to many readers [17, 45, [55] [56] [57] . BiS 2 -based superconductors have a layered structure. If the BiS 2 superconducting layers were to be sandwiched between magnetically ordered block layers, superconductivity would coexistence with magnetic ordering. This condition is achieved in CeO 1−x FxBiS 2 and YbO 1−x FxBiS 2 . In this article, the properties of CeO 1−x FxBiS 2 are described in Section 5. In Section 6, the instability of the charge-density-wave (CDW) states are discussed. A theoretical study predicted the occurrence of the CDW instability in BiS 2 -based materials [58] [59] [60] . Indeed, this novel electronic structure was observed using scanning tunneling microscopy / spectroscopy (STM/STS) measurements [61] . Furthermore, a few of BiS 2 -based materials exhibit CDW-like behavior [19, 26] . While the existence of the CDW ordering and its relationship to superconductivity are discussed, the results of recent studies on the observed CDW-like states are also summarized.
2 Emergence of superconductivity in BiS 2 -based compounds 2.1 Variation in crystal structure of BiS 2 -based superconductor family Figure 1 shows representative crystal structure of BiS 2 -based superconductors. Most BiS 2 -based superconductors crystallize in a tetragonal crystal structure, exhibiting the space group P4/nmm or I4/mmm under ambient pressure. These materials have a layered structure composed of electrically conducting layers of BiS 2 and insulating layers (socalled block layers). The first BiS 2 -based superconductor to be discovered was Bi 4 O 4 S 3 , which consist of slightly complex block layers, as shown in Fig. 1 (a) [14] . This material exhibits superconductivity at Tc~5 K. Its chemical formula corresponds to that of the layered material Bi 4 O 4 (SO 4 ) 1−x Bi 2 S 4 , with x = 0.5. Namely, defects related to (SO 4 ) 2− ions exist in its crystal structure. Bi 6 O 8 S 5 , which is a parent material of Bi 4 O 4 (SO 4 ) 1−x Bi 2 S 4 and free of the defects related to SO 4− ions, is a band gap insulator [14] .
On the other hand, Bi 4 O 4 S 3 shows metallic behavior [14] . These defects generate electron carriers in the BiS 2 layers. This suggests it should be possible to turn layered compounds with layers of BiS 2 into superconductors by doping them with an electron carrier. The other parent materials are LnOBiS 2 (Ln = La, Ce, Pr, Nd, Sm, Yb, and Bi), which have a crystal structure composed of alternating stacks of BiS 2 conduction layers and LnO-type block layers [15] [16] [17] [18] [19] [20] [21] [22] [23] .
The crystal structure of LnOBiS 2 is depicted in Fig. 1(b) . It can be seen that the LnO-type block layer is similar to LnFeAsO-type iron-based superconductors [5] [6] [7] . The LnO layer can be replaced by AF-type (A = Sr and Eu) layers or an Eu 3 F 4 layer (Figs. 1(c) and 1(d)) [24] [25] [26] [27] . Furthermore, it is possible to synthesize LaO 1−x FxBiSe 2 by fully substituting Se at the S site [28] . BiSe 2 -based superconductors other than LaO 1−x FxBiSe 2 have not yet been discovered.
Emergence of superconductivity by electron doping
BiS 2 -based materials ( Fig. 1 ) become superconductors after the doping of the conduction layers with an electron carrier [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . On the other hand, superconductivity has not been observed after doping with a hole carrier [62] . 
Effects of external pressure
The Tc values of BiS 2 -based superconductors are sensitive to changes in their crystal structure; the Tc increases sometimes owing to the effects of external pressure or because of the substitution of an isovalent element. Some of the ways of effectively increasing Tc of BiS 2 -based superconductors are as follows: (1) The Tc of samples prepared using a conventional solid state reaction -such samples are called as-grown samples in this articlecan be increased by applying high pressure [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] . Asgrown LaO 1−x FxBiS 2 shows superconductivity at approximately 3 K at ambient pressure for the optimal x value. Remarkably, the Tc increases to approximately 10 K under high pressure. A similar increase in Tc under high pressure is observed in other BiS 2 -based superconductors, such as LnOBiS 2 (Ln = Ce, Pr, Nd, Bi), AFBiS 2 (A = Sr, Eu), and Eu 3 F 4 Bi 2 S 4 , as well. When the applied pressure is released, the Tc decreases with the decrease in the pressure and returns to its Tc original value at ambient pressure. (2) As-grown samples annealed under high pressure, called high-pressure-annealing sample, exhibit higher Tc value than those of the as-grown samples when the former samples are characterized under ambient pressure [15, [44] [45] [46] . The Tc of LaO 0.5 F 0.5 BiS 2 after the highpressure annealing is approximately 10 K, which is almost the same as that after being subjected to an external pressure. This suggests that the crystal structure under high pressure (which results in a higher Tc) could be maintained (to certain extent) even after the high pressure is decreased to ambient pressure. However, there is no evidence yet to support this assumption. On the other hand, the structure of the high-pressure-annealing samples becomes slightly less synmmetrical [60] . This result indicates that the samples subjected to high-pressure annealing include a phase with lower symmetry. Performing detailed structural analyses on these materials is difficult, because their X-ray diffraction peaks broaden after high-pressure annealing. To elucidate the increase in Tc, structural analyses must be performed on single crystals of BiS 2 -based materials with a high-pressure phase. Finally, an increase in Tc owing to high-pressure annealing is observed in the case of LnO 1−x FxBiS 2 as well [45, 46] . . This phenomenon has been demonstrated using three above-mentioned methods (i.e., (1)- (3)) suggests that the superconductivity of BiS 2 -based materials is sensitive to high pressure and that their Tc value can be increased by optimizing their crystal structure. Indeed, high-pressure X-ray diffraction analyses of LaO 0.5 F 0.5 BiS 2 and EuFBiS 2 have revealed that their crystal structure transforms from tetragonal to monoclinic with space group P2 1 /m symmetry under high pressure [32, 43] . This result suggests that the monoclinic structure is preferable for increasing the Tc value and that the increase in Tc owing to high-pressure annealing is probably related to the local distortion of the crystal structure into a monoclinic or other type of low-symmetry structure.
On the other hand, this assumption also leads to the following conclusion, namely that the application of a high pressure causes the crystal structure to shrink and that the Tc value of BiS 2 -based materials increases as lattice shrinkage process is accelerated. Therefore, if lattice shrinkage were to be induced in the crystal structure without having to apply a high pressure or perform annealing, a higher-Tc phase could be obtained at ambient pressure. Full or partial element substitution is one of the methods for inducing lattice shrinkage at ambient pressure. Using LaO 1−x FxBiS 2 as the starting material, for example, one can synthesize various LnO 1−x FxBiS 2 compounds with various Ln having different ionic radius. In the case of these materials, one can discuss the evolution of superconductivity and other properties without having to change the carrier concentration; this is the so-called chemical pressure effect.
Superconductivity in
After the discovery of superconductivity in LaO 1−x FxBiS 2 , a new of BiS 2 -based superconductor, namely, NdO 1−x FxBiS 2 was discovered [16] . This system is an ideal one with respect to the chemical-pressure strategy. The Tc can be increased to a value higher than 5 K under ambient pressure, owing to the lattice being compressed, in contrast the case for [17, 18] . On the basis of these results of Ln site substitution, it can be concluded that the Tc of BiS 2 -based superconductors increases with a decrease in the radius of the Ln ion. Thus, the highest Tc for the four systems (Ln = La, Ce, Pr, and Nd) is observed in the case of NdO 1−x FxBiS 2 which exhibits the smallest lattice volume. 
Effects of chemical pressure tuned by partial element-substitution
In this Section, the effects of partial element substitution on the superconductivity of BiS 2 -based superconductors are reviewed. In particular, the focus is on the changes induced in the crystal structure and superconducting properties by the elements substitution process. The layered structure of BiS 2 -based superconductors is analogous to those of the cuprates and iron-based superconductors. Further, the superconductivity of these layered compounds is related to their crystal structure. For instance, the Tc of cuprates is correlated to how flat the CuO 2 layers are [65] . In the case of iron-based superconductors, the Tc is strongly dependent on the structure of the FeAs 4 or FeSe 4 tetrahedra [66, 67] . In the case of BiS 2 -based superconductors, a structural analysis of LaO 1−x FxBiS 2 and CeO 1−x FxBiS 2 single crystals suggests that the degree of flatness of the Bi-S plane would be related to the superconductivity [68, 69] . However, it is unclear whether this phenomenon is universal for all BiS 2 -based superconductors. On the other hand, it has been suggested that, in these materials, the superconductivity is highly sensitive to the changes in their crystal structure, as described in Subsections 2.2 and 2.3. Specifically, the lattice volume of the BiS 2 -based superconductors seems to be correlated to their Tc value. Partial substitution with isovalent elements is one of the method of systematically tuning the crystal structure without changing the actual carrier concentration; this is the so-called chemical pressure effect. Since the actual carrier concentration does not change with such substitutions, it is possible to study the effect of the changes in the crystal structure on the superconductivity. In the case of LnO 1−x FxBiS 2 , there are two ways of tuning the chemical pressure. The first is the systematic substitution of the Ln sites in the block layers. As described in Section 3, the lattice volume should decrease with a decrease in the average radius of the ion at the Ln 3+ site. The other way is to substitute S 2− or Bi in the superconducting layer with Se 2− or Sb.
After the substitution of the lager Se 2− ions at the smaller S 2− site, the lattice should expand. In contrast, the lattice shrinks after the substitution of the smaller Sb ion at the site of the larger Bi ion. As a result of these Ln-site substitutions, the length of the a-axis decreases markedly with decrease of the average radius of the ion at the Ln site. This is termed an in-plane contraction in this article. This in-plane contraction affects the physical properties of the BiS 2 -based materials. The Tc value of these materials increases with an increase in the concentration of the smaller Ln ions -the exception is the case when Y ions are substituted in a concentration lower Fig. 4(c) . Furthermore, starting from the larger-Ln edge, superconductivity appears immediately in the materials with a high F concentration. This result suggests that the materials with a higher F concentration are more sensitive to the in-plane contraction.
Isovalent substitution at block layers
It can be seen from Fig. 4(b) that the Tc of La 1−x YxO 0.5 F 0.5 BiS 2 decreases with an increase in the Y concentration till x = 0.1. This trend in Tc is different from those observed in the case of the other systems. One reason is the poor crystallinity of the Y-substituted samples owing to their inhomogeneity [49] . In the samples with x lower than 0.1, a transition to superconductivity can be seen from the results of resistivity measurements. However, this transition is very broad and the superconducting shielding volume fraction is less than 1%. These results suggest that the samples with x lower than 0.1 shows filamentary superconductivity. Therefore, smallcontent substitution at the Ln site probably introduces an inhomogeneity that compensates for the effect of the in-plane contraction.
Isovalent substitution at superconducting layers
Isovalent substitution in the BiS 2 layers has been performed in NdO 0.5 F 0.5 BiS 2 , and LaO 0.5 F 0.5 BiS 2 [52, 53] . In NdO 0.5 F 0.5 BiS 2 , the S 2− ion or Bi ions were replaced with In contrast, Se substitution in the LaO 0.5 F 0.5 BiS 2 system (denoted as LaO 0.5 F 0.5 Bi(S,Se) 2 ) results in different changes in the superconducting properties [53] . Figure 6(a) and 6(b) show the changes in the lattice parameters after the substitution of Se. The lattice constant a increases gradually with the increase in the Se concentration. The lattice constant c increases gradually till a Se concentration of up to 50%, and then increases rapidly for further increases. Regarding the superconducting properties of this material, the Tc value increases till a Se concentration of up to 50% substitution, and then decreases for further increases, as shown in Fig. 6 (c) and 6(d). This trend is complete opposite of that seen in the case of the partialelement-substituted NdO 1−x FxBiS 2 systems. As stated in Subsection 4.1, an investigation of isovalent substitution in the block layers demonstrated that Tc is correlated to the shrinkage of the a-axis. In contrast, in the case of LaO 0.5 F 0.5 Bi(S,Se) 2 , the superconductivity is enhanced by the expansion of the a-axis. These results imply that the superconductivity in BiS 2 -based materials cannot be explained on the basis of the changes in the lattice parameters alone.
Structural parameters correlated to
superconductivity in LnO 0.5 F 0.5 BiCh 2 system
The above-mentioned results regarding the tuning of the crystal structure have been confirmed by synchrotron Xray diffraction measurements for LnO 0.5 F 0.5 BiCh 2 (Ch = S, Se), (Ce,Nd)O 0.5 F 0.5 BiS 2 , and LaO 0.5 F 0.5 Bi(S,Se) 2 [54] . Mizuguchi et al. found that the lattice constants and structure of the superconducting layer (in-plane angle and BiCh distances, among other parameters) are not directly related to the emergence of superconductivity. Therefore, the in-plane chemical pressure was introduced as an indirect structural parameter to explain how the evolution of the in-plane structure affects the emergence of superconductivity. The in-plane chemical pressure is defined using the ionic radius and analyzed crystal structure parameters as follows.
In − plane chemical pressure
Figure 8 where R Bi is the ionic radius of Bi. In this case, the valence of the Bi ion is assumed to be 2.5, because samples with a F concentration of 50% were investigated. Further, R Ch is the ionic radius of the chalcogen located in the same plane of Bi. Finally, R Bi−Ch is the distance between the Bi ion and the chalcogen ion as determined by the synchrotron X-ray measurements. The in-plane chemical pressures for (Ce,Nd)O 0.5 F 0.5 BiS 2 and LaO 0.5 F 0.5 Bi(S,Se) 2 increase after the substitution of Nd and Se, respectively, as shown in Fig. 7(a) . The large circles in Fig. 7(a) represent the samples that exhibit bulk superconductivity and a large shielding volume fraction during magnetic susceptibility measurements. These samples are located in a region corresponding to in-plane chemical pressures greater than above 1.011, indicating that a high enough in-plane chemical pressure triggers the emergence of bulk superconductivity. the chemical pressure can be tuned either by block-layer substitution or by conduction-layer substitution. Therefore, this in-plane chemical pressure is ideal for finding a new BiS 2 family with the higher Tc values. However, the Tc of LaO 0.5 F 0.5 Bi(S,Se) 2 decreases after substitution in amounts greater than 50%. This result is a deviation from the trend observed in the case of LnO 0.5 F 0.5 BiS 2 and may be related to the introduction of an in-plane disorder, as is the case during the suppression of superconductivity of La 1−x YxO 0.5 F 0.5 BiS 2 after the small-content substitution of Y for La [49] . Another possible explanation for this decrease in Tc could be the site selectivity of the substituted Se ions. A single-crystal structural analysis of LaO 0.5 F 0.5 BiS 1−x Sex revealed that Se ions selectively occupy the in-plane sites (Ch2 in Fig. 8(b) ) [64] . In the case of substitution in amounts greater than 50%, Se begins to occupy the out-of-plane Ch1 sites. Thus, the superconductivity may be affected by the Se ions substituted at the Ch1 sites.
Coexistence of superconductivity and magnetism
CeO 1−x FxBiS 2 is a BiS 2 -based superconductor. This material also shows superconductivity after F substitution. Further, it simultaneously exhibits ferromagnetic-like ordering in the region where superconductivity exists [17, 45] . In addition, YbO 1−x FxBiS 2 shows both superconductivity and antiferromagnetic-like ordering [19] . In this Section, the focus is on CeO 1−x FxBiS 2 . Therefore, the coexistence of superconductivity and magnetism in CeO 1−x FxBiS 2 is discussed in detail. These results suggest that the high-pressure-annealing process enhances superconductivity in the CeO 1−x FxBiS 2 system. CeO 1−x FxBiS 2 shows magnetic ordering in the region where superconductivity is observed, as depicted in Fig. 10 . In the case of the as-grown samples, the paramagnetic behavior is observed at x values lower than 0.4. For x of 0.45-0.5, the magnetic susceptibility increases suddenly at approximately 5 K, indicating the appearance of magnetic ordering. The sample with x = 0.6 shows twostep magnetic ordering, at approximately 5 K and 8 K. For samples with x greater than 0.7, only magnetic ordering is observed, at approximately 8 K. The magnetic ordering characteristics do not change after the high-pressure annealing process. That is to say, the samples with x = 0.7 and 0.9 show bulk superconductivity and magnetic ordering, as shown in Figs. 10(c) and 10(d). The transition temperature corresponding to magnetic ordering is shown in Fig. 9(b) . Given these results, two questions arise: (1) Why does magnetic ordering develop with an increase in the F concentration and (2) what is the type of this magnetic ordering? With respect to question (1), the electron carriers introduced by the substitution of F are the key. Magnetic ordering develops with an increase in the number of the electron carriers. This result indicates that the electron carriers are introduced not only in the BiS 2 layers but also in the CeO block layers. In such a situation, the valence of the Ce ions in CeO 1−x FxBiS 2 should change as a function of the carrier doping x. X-ray absorption spectroscopy measurements performed on CeO 1−x FxBiS 2 samples revealed the changes in the valence of the Ce ions [55, 56] . Figure 11 Ce ions is related to the development of magnetic ordering. Furthermore, the local structure of CeO 1−x FxBiS 2 changes after a threshold F concentration (x = 0.45), as shown in Fig. 11(b) . This change results in the formation of a new channel of Ce-S-Ce. This change in the local structure may also be connected to the development of the magnetic ordering.
In order to investigate the type of magnetic ordering (question (2)), neutron powder diffraction measurements were performed on a high-pressure annealing sample with x = 0.7 [57] . The neutron powder diffraction pattern, which was obtained at 2 K, showed that the intensity of the (102) peak increased after the appearance of the magnetic transition at 8 K, as displayed in Fig. 12(a) . On the basis of a theoretical group analysis, the possible symmetry types of the magnetic ordering of CeO 1−x FxBiS 2 could be determined. The four possible irreducible representations are shown in Fig. 12(b) . The intensity of the (102) peak increased only in the ferromagnetic spin configuration of Γ 3 . This fact indicates that the Ce 3+ magnetic moments result in ferromagnetic ordering along the c-axis. As a result, both superconductivity and ferromagnetism coexist in CeO 1−x FxBiS 2 .
The above-mentioned results were obtained using the polycrystalline samples. In addition, two types of magnetic ordering and superconductivity are observed in single crystals of CeO 1−x FxBiS 2 [70] . Figure 13 shows the temperature dependence of the magnetization for single crystals of CeO 1−x FxBiS 2 . So far, three samples with the different F concentration (x = 0.3, 0.7, and 0.9) have been investigated. The x = 0.3 sample only shows paramagnetic behavior. Further, in the sample with x = 0.5, an anomalous magnetization is detected at approximately 5 K. Furthermore, the magnetic ordering at approximately 7 K appears in the x = 0.9 sample. A structural analysis performed using these single crystals of CeO 1−x FxBiS 2 suggested that the superconductivity and magnetic ordering are correlated to the crystal structure [69] . Superconductivity appears when a nearly flat Bi-S plane is formed. Magnetic ordering develops with the suppression of the Bi-SCe coupling channel and/or the elongation of the Ce-(O,F) bond, which contributes to the change in the Ce valence. These results obtained using poly and single crystals support the conclusion that magnetic ordering and superconductivity coexist in CeO 1−x FxBiS 2 . However, to elucidate the magnetic properties of CeO 1−x FxBiS 2 as well as the interactions between its superconductivity and magnetism, further analyses must be performed using single crystals.
Possibility of charge-density-wave state
In the case of BiS 2 -based materials, a charge-density-wave (CDW) instability has been predicted in theory on the basis of the Fermi surface configurations [58] [59] [60] . In fact, an anomaly is observed in resistivity measurement on EuFBiS 2 [26] . However, it has not been elucidated whether the behavior is related to the development of the CDW states or not. Using STM/STS measurements, it has been observed that NdO 0.7 F 0.3 BiS 2 single crystals have a novel electronic structure [61] . A fine-striped structure is observed along the two different directions in the BiS 2 plane, as shown in Fig. 14. In the region represented by the red square in Fig 14(c) , the bright short lines aligned along the ay direction form a stripe. Further, the bright short lines aligned along the ax direction form another stripe (see blue square in Fig. 14(c) ). These two stripe structures in the red and blue squares are ordered and make a "checker board". Therefore, this structure is called the "checker board stripe" structure. The authors suggest that this electronic structure is attributed to a CDW instability. In addition, a similar structure has been observed in manganese oxides using transmission electron microscopy [71] . In the case of the manganese oxides, this structure is attributable to the ordering of the orbitals of 3d electrons in the Mn ions. Given this fact, the observed "checker board stripe" structure in NdOBiS 2 is probably attributable to the ordering of the p-orbitals of Bi. However, to confirm the origin of this exotic structure, further microscopic and electronic structural investigations are necessary.
Summary
In this article, the result of experimental studies on the superconductivity, magnetism, and electronic states of BiS 2 -based superconductors and their relationship to the evolution of the crystal structure were reviewed. In particular, the focus was on three points. The first point was the increase in the superconductivity resulting from lattice shrinkage. In BiS 2 -based materials, the superconductivity is strongly correlated to the crystal structure. Furthermore, the importance of in-plane chemical pressure (or in-plane contraction) with regard to the evolution of the superconductivity was discussed at length. The second point was the coexistence of magnetic ordering and superconductivity in CeO 1−x FxBiS 2 . The observed magnetism is probably ferromagnetic ordering with a wave vector along the c-axis. The third point was the possibility of the formation of a CDW state. Through STM measurements, a novel electronic structure, namely, the so-called "checker board stripe" structure, was observed in a single-crystal NdO 0.7 F 0.3 BiS 2 . Although the the electronic characteristics and the origin of the observed stripe-like states remain to be elucidated, this result indicates that the CDW state may be stabilized and may be related to the emergence of superconductivity in the BiS 2 -based materials. Material variations in BiS 2 -based superconductors are still being discovered. Hence, the physical properties of BiS 2 -based compounds need to be investigated further, in order to elucidate the mechanisms of superconductivity for this class of materials. In addition, the discovery of new BiS 2 -based superconductors with higher Tc would be desirable.
